Association between knee sagittal plane dynamic joint stiffness during gait and disease severity and pain in knee osteoarthritis (OA)  by Chang, A.H. et al.
Table 1. Associations of knee sagittal plane dynamic joint stiffness (DJS) during
gait with radiographic disease severity by K/L grade, stratiﬁed by gait speed
regression coefﬁcients (95% CI) (n¼482 knees from 248 persons)
Speed > 1.20 m/s
(n¼230 knees)
Speed  1.20 m/s
(n¼252 knees)
Unadjusted 4.79* 3.78*
(1.32, 8.25) (1.66, 5.90)
Adjusted for age and gender 4.54* 3.27*
(1.30, 7.79) (1.04, 5.50)
Adjusted for age, gender,
and WOMAC pain
4.88* 3.29*
(1.73, 8.03) (1.07, 5.51)
Adjusted for age, gender,
WOMAC pain, and strength
4.85* 3.66*
(1.86, 7.83) (1.48, 5.85)
*95% CI excluding 0 is signiﬁcant.
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cles assessed for eligibility. 35 studies met the eligibility criteria.
Time post-ACLR ranged from 3weeks to 6years. Findings from meta-
analyses indicate altered gait characteristics in the ACLR limb.
Compared to controls, those <6months after ACLR had greater peak
knee ﬂexion angles (standardized mean difference: 1.06, 95% con-
ﬁdence interval: 0.39 to 1.74) and moments (1.61, 0.87 to 2.35).
However, those 12months to <3years and 3years after ACLR had
lower peak ﬂexion angles (-2.21, -3.16 to -1.26; -2.21, -3.16 to -1.26,
respectively). Those 6 to <12months after ACLR had lower ﬂexion
moments (-0.76, -1.40 to -0.12). Qualitative synthesis revealed
inconclusive evidence regarding abnormal transverse plane kine-
matics following ACLR. In those 6 to <12months after ACLR, there
was conﬂicting evidence for transverse plane kinematics. One mod-
erate quality study reported lower peak internal rotation (-1.01, -1.61
to -0.41) and one high quality study reported no differences. Sim-
ilarly for external rotation, one high quality study reported increased
external rotation in ACLR knees (0.99, 0.23 to 1.76) and one moderate
quality study reported no differences. In those 12months to <3years,
one moderate quality study found no differences in internal rotation
angles, but increased external rotation angles (1.36, 0.56 to 2.16). In
the frontal plane, data pooling revealed high and moderate evidence
of no differences in peak knee adduction (varus) angles in those 6 to
<12months and 3years after ACLR (-0.43, -0.91 to 0.05; 1.08, -0.41
to 2.56, respectively). A single study of high quality in those
12months to <3years after ACLR showed that knees were maintained
in abducted (valgus) position in both ACLR and healthy controls. The
authors reported greater peak abduction angles in ACLR than con-
trols (1.10, 0.33 to 1.88). Pooled data in those 6 to <12months
(moderate evidence), in those 12months to <3years (limited evi-
dence), and in those 3years (high quality evidence) revealed no
signiﬁcant differences in knee adduction moment compared to
controls (-0.61, -2.71 to 1.49; -0.39, -0.81 to 0.03; 0.09, -0.63 to 0.81,
respectively).
Conclusions: Data from meta-analysis and qualitative synthesis
revealed biomechanical deﬁcits in individuals after ACLR, compared to
the contralateral knee and controls. Notably, gait characteristics seen
within 6months of surgery may not necessarily be similar to those seen
>12months after ACLR. Biomechanical features in the sagittal and
transverse planes appear to be more relevant than frontal plane bio-
mechanics in this patient population. Findings may enhance under-
standing of the mechanism of the early onset and progression of knee
OA after ACLR, and help inform the development of targeted inter-
ventions to address gait deﬁcits.
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ASSOCIATION BETWEEN KNEE SAGITTAL PLANE DYNAMIC JOINT
STIFFNESS DURING GAIT AND DISEASE SEVERITY AND PAIN IN
KNEE OSTEOARTHRITIS (OA)
A.H. Chang, J.S. Chmiel, O. Almagor, K.C. Moisio, L. Belisle, Y. Zhang,
K.W. Hayes, L. Sharma. Northwestern Univ., Chicago, IL, USA
Purpose: Knee sagittal plane dynamic joint stiffness (DJS) is the
interaction between the external knee ﬂexion moment and knee
ﬂexion joint excursion, quantiﬁed as the slope of the linear regression
line of the external knee ﬂexion moments with respect to ﬂexion
angles, during the loading response phase of gait. DJS represents
muscle and capsuloligamentous resistance during joint motions and is
a mechanical marker of sagittal plane dynamic knee stability during
walking. Persons with knee OA often walk with altered knee sagittal
plane mechanics, however, the role of sagittal DJS in knee OA is not
well understood. In theory, knees with more severe OA may have
higher DJS due to decreased joint excursion and/or DJS may in turn
contribute to further progression by altering load distribution. Greater
DJS may also be an attempt to stabilize/stiffen the joint to lessen knee
pain. We hypothesized that greater sagittal plane DJS is associatedwith more severe disease and less severe knee pain in persons with
knee OA.
Methods: Participants all had knee OA (deﬁned as K/L grade  2) in at
least one knee. Three-dimensional knee kinematics and kinetics
during ambulation on a 35 x 4 foot walkway were captured at a rate of
120 Hz, using external passive reﬂective markers, an 8-camera Digital
Real-Time Eagle motion analysis system, and 6 AMTI force plates.
Participants walked in their own walking shoes at a self-selected
comfortable speed without assistive devices. Inverse dynamics were
used to compute the external knee ﬂexion moment, normalized to
body weight and height. Sagittal DJS was computed as the slope of the
ﬁtted linear regression line for external knee ﬂexion moments vs.
ﬂexion angles during the loading response phase, beginning at the
time when the ﬂexion moment started to increase and ending at the
time when maximum ﬂexion angle was recorded. Disease severity
was assessed using K/L grade from the AP weightbearing image
acquired in a semi-ﬂexed position with ﬂuoroscopic conﬁrmation.
Pain was assessed by both WOMAC score and pain after 20-meter
walk. We stratiﬁed analyses by gait speed (> 1.20 vs.  1.20 m/s) to
assess the association between DJS and disease severity and pain,
using linear regression with generalized estimating equations (GEE)
to account for correlations between the 2 limbs of each individual,
adjusting for age, gender, strength, and when appropriate, disease
severity and pain. Results are reported as regression coefﬁcients and
95% conﬁdence intervals (CIs).
Results: The study sample consisted of 482 knees from 248 persons:
mean age 64.8 years (SD 10.3); BMI 28.6 kg/m2 (5.6); 187 (75.4%)
women. 24 (5.0%) knees were K/L grade 0, 84 (17.4%) grade 1, 219
(45.4%) grade 2, 72 (14.9%) grade 3, and 83 (17.2%) grade 4. Mean
sagittal DJS was 0.23% body weight*height/degree (SD 0.06); gait
speed 1.19 m/s (0.20). Mean WOMAC pain was 4.75 (3.55) on a scale of
0-20 and pain after 20-meter walk was 1.92 (1.60) on a scale of 1-10,
higher indicating worse pain. As shown in Table 1, higher K/L grade
was associated with greater DJS regardless of gait speed. Table 2 shows
that greater DJS was associated with less severe pain, both by WOMAC
and pain after 20-meter walk, in the faster speed group, but not in the
slower group.
Conclusions: More severe knee OA was associated with greater knee
sagittal DJS; in theory, this may reﬂect compensatory activity to sta-
bilize the joint, disease-related diminished joint motion, and/or DJS
inﬂuence on load distribution. Greater DJS was associated with less
knee pain in persons with faster walking speed; during faster walking,
greater DJS may reﬂect successful compensation to reduce knee pain.
Future longitudinal studies will help to elucidate the direction of the
relationships between DJS and pain, function, and disease pro-
gression.
Table 2. Associations of knee sagittal plane dynamic joint stiffness (DJS) during gait with knee pain assessed byWOMAC pain and by pain after 20-meterwalk, stratiﬁed
by gait speed regression coefﬁcients (95% CI) (n¼482 knees from 248 persons)
WOMAC pain Pain after 20-m walk
Speed > 1.20(n¼230 knees) Speed 1.20(n¼252 knees) Speed > 1.20(n¼230 knees) Speed 1.20(n¼252 knees)
Unadjusted 7.38* 0.75 3.13* 0.38
(14.60,0.17) (8.19, 6.68) (6.05, 0.21) (3.88, 3.12)
Adjusted for age and gender 6.13 2.20 2.80 0.71
(12.90, 0.63) (5.64, 10.05) (5.67, 0.07) (2.85, 4.26)
Adjusted for age, gender, K/L grade 8.12* 3.22 3.44* 0.22
(14.81,1.43) (4.93, 11.37) (6.52, 0.35) (3.45, 3.90)
Adjusted for age, gender, K/L
grade, and strength
7.14* 4.35 3.05* 0.65
(13.37,0.92) (3.25, 11.94) (6.02, 0.08) (2.96, 4.26)
*95% CI excluding 0 is signiﬁcant
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IN VIVO STRAIN INCREASES FOLLOWING MEDIAL MENISCAL TEAR
AND CORRELATES WITH SYNOVIAL FLUID MATRIX
METALLOPROTEINASE ACTIVITY
A.L. McNulty, T.E. Carter, K.A. Taylor, C.E. Spritzer, G.M. Utturkar,
D.C. Taylor, C.T. Moorman, III, W.E. Garrett, F. Guilak, L.E. DeFrate. Duke
Univ. Med. Ctr., Durham, NC, USA
Purpose: Abnormal cartilage loading is believed to play a role in the
development of early onset osteoarthritis after meniscal injury. How-
ever, little is known regarding the precise mechanisms leading to
osteoarthritis in this population. The goal of this study was to quantify
the effects of meniscal tears on in vivo cartilage strains over a full range
of weight bearing ﬂexion angles and to determine the relationship of
cartilage strainwith biomarkers of cartilage degradation in the synovial
ﬂuid. We hypothesize that following amedial meniscus tear, the contact
strain in the medial compartment will be increased, as compared to the
uninjured knee, and that cartilage strain magnitudes will positively
correlate with catabolic biomarkers in the synovial ﬂuid.
Methods: Eight subjects (5 male, 3 female, mean age: 54, range: 48-62)
with isolated medial meniscus tears due to an identiﬁable, traumatic
injury that occurred prior to their study visit, were included in this
study. Subjects were imaged using magnetic resonance imaging (MRI)
to create 3D models of the femur, tibia, and articular cartilage. Subjects
were then imaged using biplanar ﬂuoroscopy while performing a quasi-
static lunge from 0 to 105 of ﬂexion. The 3D models of the knee were
then registered to the biplanar ﬂuoroscopic images to determine the in
vivo motion and cartilage-to-cartilage contact strains within the joint
(Figure 1). Subsequently, synovial ﬂuid was collected from the subjects
at the time of surgery (median time from injury to surgery: 13 weeks,
range: 4-34 weeks). Matrix metalloproteinase (MMP) activity, sulfated
glycosaminoglycan (sGAG), cartilage oligomeric matrix protein (COMP),
prostaglandin E2 (PGE2), and the collagen type II cleavage biomarker
C2C were measured in the synovial ﬂuid. Contact strains in the medial
and lateral compartments in the uninjured and injured knee were
compared as a function of ﬂexion, using a two way repeated measures
ANOVA. Spearman correlations were performed to determine the
relationship between the average strain in the medial and lateral
compartments at maximum ﬂexion and the synovial ﬂuid concen-
tration of each biomarker.
Results: Peak cartilage contact strain in the medial compartment
increased signiﬁcantly in the injured knees compared to contralateral
control knees (p¼ 0.008, Figure 2). Across all ﬂexion angles, the average
medial peak strain was 17% in the uninjured knees versus 23% in the
injured knees. In the lateral compartment, the cartilage contact strain in
the injured knee was signiﬁcantly increased to 23% only at 105 of
ﬂexion (p¼ 0.038), compared to 17% in the uninjured knee. The average
cartilage strain at maximum ﬂexion positively correlated with total
MMP activity (Figure 3) in the synovial ﬂuid (R ¼ 0.79, p < 0.05).
However, there were no signiﬁcant correlations between sGAG, COMP,
PGE2, or C2C levels and cartilage strain in these subjects.
Conclusions: Cartilage contact strains increased after meniscal tear
when compared to the contralateral uninjured knee, especially at
higher ﬂexion angles. In addition, total MMP activity positively corre-
lated with the average cartilage strain across the joint. These ﬁndings
suggest that the ability of the meniscus to distribute load is compro-
mised after injury, thus overloading the cartilage and upregulating
mechanically sensitive mediators like the MMPs. The increased strain
and total MMP activity may reﬂect, or potentially contribute to, the
early development of osteoarthritis that is observed following meniscalinjury. These ﬁndings support the need to improve surgical treatment
options following meniscal injury to restore normal cartilage loading.
Figure 1. The strain maps are shown for one subject at 60º if ﬂexion. The
cartilage contact strain increased in the medial compartment of knees
with a meniscus tear (right), as compared to the uninjured knee (left).
Figure 2A. In the medial compartment, meniscus injury increased peak
contact strains. There were no statistically signiﬁcant effects of ﬂexion or
interactions between ﬂexion and injury. B. In the lateral compartment, a
statistically signiﬁcant interaction between ﬂexion angle and meniscal
injury was observed. At the maximum ﬂexion angle of 105º, peak contact
strains were increased in the injured knee as compared to the con-
tralateral control.
Figure 3. Synovial ﬂuid concentrations of catabolic biomarkers in the
knees of meniscal tear subjects at the time of surgery. (A) Matrix metal-
loproteinase (MMP) activity, (B) sulfated glycosaminoglycan (sGAG) con-
centrations, (C) cartilage oligomeric matrix protein (COMP)
concentrations, (D) prostaglandin E2 (PGE2) levels, and (E) C2C concen-
trations in the synovial ﬂuid. Each point indicates the concentration for an
individual and the median for each biomarker is indicated by the line.
